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I . INTRODUCTION

P o p u l a t i o n  g r o w t h  a n d  h u m a n  t e r r i t o r i a l  e x p a n s i o n  i s  p l a c i n g  u n p r e c e d e n t e d

burdens  on  the  ecosys tems o f  spacesh ip  ear th . Farmlands  a re  be ing  conver ted  to

suburbs, w h i l e  f o r e s t s  a r e  b e i n g  c o n v e r t e d  t o  f a r m l a n d s . The Amazon forest ,

e a r t h ’ s  r i c h e s t  b i o l o g i c a l  r e g i o n , i s  los ing  to  deve lopment  each  year  an  a rea

h a l f  t h e  s i z e  o f  G r e a t  B r i t i a n  [ P r a n c e ,  ( 1 9 7 7 ) ] .  P o l l u t i o n  i s  n o w  r e c o g n i z e d

a s  a  g l o b a l  p r o b l e m  w i t h  p a r t i c u l a r  e m p h a s i s  o n  a c i d  p r e c i p i t a t i o n  a n d  t h e

greenhouse  e f fec t . Es t imates  o f  spec ies

h igh  as  1000 per  year  [Myers  (1979) ] .

l o s t  t o  e x t i n c t i o n  w o r l d w i d e  a r e  a s

B u t  w h a t  v a l u e s  a r e  r e f l e c t e d  b y  t h i s  a n d  s i m i l a r  d a t a  o n  o u r  d w i n d l i n g

n a t u r a l  e n v i r o n m e n t ?  A  s u b s t a n t i a l  p a r t o f  the  answer  can  come f rom a  s tudy  o f

eco log ica l  sys tems p laced  in  an  economic framework. Eco log ica l  sys tems mus t  be

r e d u c e d  t o  t r a c t a b l e  a n a l y t i c a l  f r a m e w o r k s  w h i c h  c a n  t h e n  b e  i n c o r p o r a t e d  i n t o

e c o n o m i c  m o d e l s  t h a t  a r e  a b l e  t o  a s c e r t a i n  b e n e f i t s  a n d  c o s t s . For  example ,  in

environmental  economics, s t u d i e s  h a v e  e s t i m a t e d  t h e  w i l l i n g n e s s  t o  p a y  f o r

t r o u t  f i s h i n g  a l o n g  a  p a r t i c u l a r  s t r e a m . These  s tud ies  cou ld  be  used  to  es t imate

t h e  v a l u e  o f  t h e  e f f e c t  o f  a c i d  p r e c i p i t a t i o n  o n  t r o u t  p o p u l a t i o n s . T h e  t r o u t

have  va lue  to  peop le , a n d  i f  t h e  t r o u t  w e r e  t o  v a n i s h  s o  w o u l d  t h e  b e n e f i t s  o f

t h e  f i s h i n g . B u t  t h e  t r o u t  a r e  o n l y  o n e  s p e c i e s  i n  a  c o m p l e x  e c o s y s t e m .  B y

remov ing  o ther  spec ies , s a y  c e r t a i n  i n s e c t s  t h a t  m a y  a p p e a r  t o  b e  o f  n o  v a l u e ,

t h e  t r o u t  m a y  a l s o  v a n i s h . T h u s ,  a  p r o p e r  v a l u a t i o n  o f  a n  e c o s y s t e m  e n t a i l s

n o t  j u s t  t h e  v a l u a t i o n  o f  e n d  p r o d u c t s  l i k e  t r o u t ,  b u t  a  r e c o g n i t i o n  o f  t h e

i n t e r a c t i o n s  b e t w e e n  t h e  t r o u t  a n d  o t h e r  s p e c i e s  s o  t h a t  t h e  v a l u e  o f  t h e s e

o t h e r  s p e c i e s  c a n  b e  e s t a b l i s h e d .  B y d o i n g  t h i s ,  b e t t e r  e s t i m a t e s  c a n  t h e n  b e

made o f  the  uncompensated  cos ts  assoc ia ted  w i th  popu la t ion  g rowth  and  indus t r ia l

e x p a n s i o n  w h i c h  a f f e c t  t h e  s o u r c e s  o f  p l e a s u r e  a n d  l i f e  s u p p o r t  s e r v i c e s  t h a t

ecosys tems prov ide .



Ecosys tems are  inc red ib ly  complex . They may be composed of thousands of

s p e c i e s  i n t e r a c t i n g  i n  e i t h e r  o b v i o u s  o r  n o n o b v i o u s  w a y s . E a c h  s p e c i e s  f i l l s  a

c e r t a i n  n i c h e  i n  t h e  o v e r a l l  s y s t e m , and depends on one or  more of  the other

s p e c i e s  f o r  s u r v i v a l . Bu t  such  a  complex  sys tem is  no t  fo re ign  to  economis ts .

w h o  h a v e  t h e  d i f f i c u l t  t a s k  o f  s o r t i n g  o u t  c o m p l e x  e c o n o m i e s . Not ions such as

s h o r t - r u n  a n d  l o n g - r u n  e q u i l i b r i u m s ,  s t e a d y  s t a t e s , and exogenous shocks appear

to  be  app l i cab le  to  bo th  ecosys tems and  economies . I n  a d d i t i o n , the same type

o f  q u e s t i o n s  a r i s e  i n  e i t h e r  s y s t e m . For an economy, the economist uses models

t o  d e t e r m i n e  t h e  e f f e c t  a  t a x  i n  o n e  s e c t o r  h a s  t h r o u g h o u t  o t h e r  e c o n o m i c

s e c t o r s . For  an  ecosys tem,  the  eco log is t  (and  the  economis t )  may  need  to  know

t h e  e f f e c t  a  p a r t i c u l a r  p o l l u t a n t  t h a t  h a r m s  o n e  i n s e c t  s p e c i e s  w i l l  h a v e  o n

a l l  t h e  o t h e r  s p e c i e s .

The  para l le l s  be tween ecosys tems and  economics  sugges t  tha t  s im i la r

models may be used for  each. Moreover, i f  t h i s  c a n  b e  a c c o m p l i s h e d ,  t h e n

l ink ing  ecosys tems w i th  economies  may be  poss ib le .  Such  a  l i nkage wou ld

p e r m i t  n o t  o n l y  d e t a i l e d  d e s c r i p t i o n s  o f  h o w  a  p o l l u t a n t  w i l l  e f f e c t  a n  e c o s y s t e m ,

bu t  how the  changes  b rough t  abou t  in  the  ecosys tem w i l l  e f fec t  the  economy and ,

in  tu rn ,  how these  changes  in  the  economy w i l l  i n f luence  the  ecosys tem.

Eco log is ts  have made a t tempts  to  answer  such  ques t ions  by  us ing  energy  as

a  u n i t  o f  v a l u e . By measur ing the f low of  energy through an ecosystem, one can

dete rmine  how an  exogenous  shock  migh t  e f fec t  tha t  energy  f low [Grodz inske

( 1 9 7 5 ) ] .  T he  e f fec t  i s  then  eva lua ted  us ing  some pecun ia ry  va lue  p laced  on  an

e n e r g y  u n i t . Some support  for  th is approach could once have even been found

among economists. The  Eng l i sh  economis t , J.A.  Hobson (1929) has remarked

t h a t :

" . . . a l l  s e r v i c e a b l e  o r g a n i c  a c t i v i t i e s  c o n s u m e  t i s s u e  a n d  e x p e n d  e n e r g y ,
t h e  b i o l o g i c a l  c o s t s  o f  t h e  s e r v i c e s  t h e y  r e n d e r . Though this economy



m a y  n o t  c o r r e s p o n d  i n  c l o s e  q u a n t i t a t i v e  f a s h i o n  t o  a  p l e a s u r e  a n d  p a i n
economy or  to  any  consc ious  va lua t ion , i t  mus t  be  taken  as  the  g roundwork
f o r  t h a t  c o n s c i o u s  v a l u a t i o n . For most economic purposes we are wel l -
a d v i s e d  t o  p r e f e r  t h e  o r g a n i c  t e s t  t o  a n y  o t h e r  t e s t  o f  w e l f a r e ,  b e a r i n g
i n  m i n d  t h a t  m a n y  o r g a n i c  c o s t s  d o  n o t  r e g i s t e r  t h e m s e l v e s  e a s i l y  o r
a d e q u a t e l y  i n  t e r m s  o f  c o n s c i o u s  p a i n  o r  d i s u t i l i t y ,  w h i l e  o r g a n i c  g a i n s
a r e  n o t  a l w a y s  i n t e r p r e t a b l e  i n  c o n s c i o u s  e n j o y m e n t . ”  ( p .  x x i )

A c c o r d i n g  t o  o n e ’ s  p e r s p e c t i v e , Hobson ’s  s ta tement  can  be  taken  as  suppor t

f o r  a n  e n e r g e t i c  b a s i s  o f  v a l u e , and  as  a  p lea  fo r  economis ts  to  devo te  much

m o r e  a t t e n t i o n  t o  t h e  w o r k i n g s  o f  t h e  b i o l o g i c a l  w o r l d  a n d  i t s  i m p l i c a t i o n s  f o r

human we l fa re ,  bo th  as  a  source  o f  p leasure  and  as  a  l i f e -suppor t  sys tem.

Hobson ’s  f i r s t  po in t  has  been rece ived  warmly  by  eco log is ts  such  as  H.T .  Odum

( 1 9 7 1 ) ,  t o  t h e  p o i n t  w h e r e  i t  h a s  b e e n  e n s h r i n e d  a l o n g s i d e  c o s t - b e n e f i t  a n a l y s i s

as  a  means  o f  eva lua t ing  p roposed energy  techno log ies  [Energy  Research  and

Deve lopment  Agency  (1975) ] .  However , i t  has  been co ld ly  rece ived  by  modern

economis ts . Georgescu-Roegan (1979) n e a t l y  e x p r e s s e s  t h e  e c o n o m i s t s ’  s o u r c e  o f

d i f f i c u l t y  w i t h  e n e r g y  a s  t h e  u n i t  o f  v a l u e  f o r  t h e  s a t i s f a c t i o n  o f  h u m a n

wants :

“ T h e  e n t r o p i c  n a t u r e  o f  t h e  e c o n o m i c  p r o c e s s  n o t w i t h s t a n d i n g ,  i t
w o u l d  b e  a  g r e a t  m i s t a k e  t o  t h i n k  t h a t  i t  m a y  b e  r e p r e s e n t e d  b y  a
vas t  sys tem o f  thermodynamic  equat ions . . . . The entropic process moves
t h r o u g h  a n  i n t r i c a t e  w e b  o f  a n t h r o p o m o r p h i c  c a t e g o r i e s ,  o f  u t i l i t y
a n d  l a b o r  a b o v e  a l l . I t s  t r u e  p r o d u c t  i s  n o t  a  p h y s i c a l  f l o w  o f
d i s s i p a t e d  m a t t e r  a n d  e n e r g y ,  b u t  t h e  e n j o y m e n t  o f  l i f e . . . . p l e a s u r e
i s  n o t  r e l a t e d  b y  a  d e f i n i t e  q u a n t i t a t i v e  l a w  t o  t h e  l o w  e n t r o p y
consumed.”  (p.  1042)

T h u s  t h e  v a l u e  o f  e n e r g y  v a r i e s  w i t h  i t s  u s e . T h e  c o r r e c t  a p p r o a c h  i s  t h e r e -

fo re  to  inc lude  the  ecosys tem in  the  economy where  i t s  use  can  be  eva lua ted

r e l a t i v e  t o  a l l  o t h e r  g o o d s .

Hobson’s second point, t h a t  e c o n o m i c s  s h o u l d  g i v e  d e e p e r  c o n s i d e r a t i o n  t o

t h e  r o l e  o f  b i o s p h e r e  i n  h u m a n  a f f a i r s ,  h a s  s u f f e r e d  f r o m  n e g l e c t . W i t h  t h e

e x c e p t i o n  o f  t h e  w o r k  i n s p i r e d  b y  B o u l d i n g  ( 1 9 6 6 )  a n d  K r u t i l l a  ( 1 9 6 7 ) ,  t h e

e c o n o m i c s  d i s c i p l i n e  c o n t i n u e s  t o  b e  n o t a b l e  f o r  i t s  i n a b i l i t y  t o  c a p t u r e
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m a n y  o f  t h e  c o n c e r n s  o f  b i o l o g i c a l  s c i e n t i s t s ,  p a r t i c u l a r l y  e c o l o g i s t s ,  a b o u t

the  impacts  o f  human ac t i v i t ies  upon ecosys tems and,  v ia  these  ecosys tem

impac ts ,  u l t ima te ly  upon  human we l fa re . Perhaps economists have dismissed

these  themes s imp ly  because  the  economics  d isc ip l ine  has  lacked  a  means  o f

f i t t i n g  t h e m  i n t o  t h e  f r a m e w o r k  o f  e c o n o m i c  a n a l y s i s .

The  purpose  o f  th is  paper  i s  to  deve lop  a  l i nk  be tween ecosys tem and

e c o n o m y  t h a t  w i l l  a l l o w  a n  e c o n o m i c  e v a l u a t i o n  o f  e c o s y s t e m  s t r u c t u r e . We try

to  b roaden  t rad i t i ona l  approaches  to  env i ronmenta l  economic  p rob lems by  encompas-

s i n g  b i o e n e r g e t i c s , b u t  w i t h o u t  r e s o r t i n g  t o  t h e  u s e  o f  e n e r g y  a s  t h e  u n i t  o f

value used by humans. T h e r e  a r e  t w o  m a i n  p h a s e s  o f  t h e  d e v e l o p m e n t .  F i r s t ,  a n

e c o s y s t e m  m o d e l  i s  d e s c r i b e d  u s i n g  t h e  n o t i o n s  o f  p r o d u c t i o n  f u n c t i o n s ,  o p t i m i z -

at ion, a n d  e q u i l i b r i a . H u m a n s  a r e  a b s e n t  f r o m  t h i s  p h a s e .  A l l  e n e r g y  i n p u t

i n t o  t h e  m o d e l  d e r i v e s  f r o m  t h e  s u n . In the second phase, humans are introduced

u n d e r  t h e  f a m i l i a r  g u i s e  o f  u t i l i t y  m a x i m i z e r . T h i s  l e a d s  t o  b e h a v i o r  t h a t

in te r fe res  w i th  the  ecosys tem th rough changes  in  the  sources  and uses  o f  energy .

Sec t ion  2  deve lops  a  mode l  o f  the  op t im iz ing  behav io r  o f  a  s ing le  o rgan ism

in an ecosystsm. S e c t i o n  3  e x t e n d s  t h i s  i d e a  t o  m u l t i p l e  o r g a n i s m s  a n d  t o

e c o s y s t e m  e q u i l i b r i u m . In Sect ion 4,  common ecological  themes are discussed as

t h e y  r e l a t e  t o  t h e  m o d e l . Human perspec t i ves  o f  the  ecosys tem en te r  in  Sec t ion

5. Sec t ion  6  uses  the  deve lopments  o f  p rev ious  sec t ions  to  address  ques t ions

a b o u t  t h e  v a l u e  o f  p o l l u t i o n  i m p a c t s  u p o n  e c o s y s t e m  s t r u c t u r e . S e c t i o n  7  i s  a

s i m p l e  g e n e r a l - e q u i l i b r i u m  m o d e l  i n c o r p o r a t i n g  t h e  t h o u g h t s  o f  p r e v i o u s  s e c t i o n s .

I I . OPTIMIZATION BY INDIVIDUAL ORGANISMS

In i t ia l l y ,  we  deve lop  a  mode l  o f  an  ecosys tem where  humans have  ne i ther  a

d i r e c t  n o r  i n d i r e c t  i n f l u e n c e . The  mode l  can  be  cons ide red  a  dep ic t ion  o f

p r e h i s t o r i c  t i m e s  o r  o f  v e r y  r e m o t e  a r e a s  i n  m o d e r n  t i m e s . I n  t h i s  w o r l d ,



a l l  e n e r g y  i s  d e r i v e d  f r o m  t h e  sun.- O r g a n i s m s  m a y  u s e  t h i s  e n e r g y  d i r e c t l y ,

i n  t h e  c a s e  o f  p l a n t s ,  o r  i n d i r e c t l y , i n  t h e  c a s e  o f  h e r b i v o r e s  a n d  c a r n i v o r e s .

E a c h  o r g a n i s m  i s  a  m e m b e r  o f  a  p a r t i c u l a r  t r o p h i c  l e v e l ,  w h e r e  a  t r o p h i c  l e v e l

i s  d e f i n e d  a s  " . . . a  c o l l e c t i o n  o f  s p e c i e s  w h i c h  f e e d  f r o m  t h e  s a m e  s e t  o f

s o u r c e s  a n d  w h i c h  d o  n o t  p r o d u c e  f o r  e a c h  o t h e r ”  [ H a n n o n ,  ( 1 9 7 6 ,  p .  2 6 0 ) ] .  I n

essence, e a c h  t r o p h i c  l e v e l  c a n  b e  t h o u g h t  o f  a s  a  s t r a t e m  i n  a  f o o d  pyramid./

T h e  o b j e c t i v e  i s  t o  l i n k  m a t h e m a t i c a l l y  t h e  t r o p h i c  l e v e l s .  T h i s  w i l l  p r o v i d e

a  f r a m e w o r k  f o r  d i s c u s s i n g  e q u i l i b r i a  i n  t h e  e c o s y s t e m .

B e f o r e  d e r i v i n g  t h e  l i n k s ,  h o w e v e r , t h e  a c t i o n s  o f  t h e  i n d i v i d u a l  o r g a n i s m s

must be descr ibed. In  a  genera l  equ i l i b r ium mode l  o f  an  economy,  ind iv idua l

consumers  and  f i rms  a re  usua l l y  descr ibed  as  max imizers . But  in  an  ecosys tem,

do nonhuman organisms maximize? Most p e o p l e  d o  n o t  c r e d i t  a  w e a s e l  w i t h

t h o u g h t f u l  p r e f e r e n c e  r e v e l a t i o n  w h e n i t  r a i d s  t h e  c h i c k e n  c o o p  i n s t e a d  o f

f e r r e t i n g  o u t  a  m o u s e  o r  t w o .  “ . . . m e n  c o n s i o u s l y  o p t i m i z e ,  a n i m a l s  d o  n o t

t h e y  s u r v i v e  b y  a d o p t i n g  s u c c e s s f u l  s t r a t e g i e s  ‘ a s  i f ’  c o n s c i o u s  o p t i m i z a t i o n

t a k e s  p l a c e ” [ H i r s c h l e i f e r  ( 1 9 7 7 ,  p .  4 ) ] . T h i s  “ a s  i f ”  a s s u m p t i o n  i s  s u f f i c i e n t

to  cap tu re  much  o f  the  behav io r  o f  nonhuman o rgan isms,  and ,  the reby ,  es tab l i sh

a  f r u i t f u l  m o d e l .

Various suggest ions have been made as to what i t  is that nonhuman organisms

maximize, o r  b e h a v e  a s  i f  t h e y  a r e  m a x i m i z i n g . Lotka (1925) developed a model

where  the  max imand is  the  ra te  o f  inc rease  o f  the  spec ies . T h i s  r a t e  i s  a

f u n c t i o n  o f  f o o d  c a p t u r e , s h e l t e r ,  a n d  o t h e r  p h y s i c a l  n e e d s . O b t a i n i n g  t h e s e

needs requ i res  energy  expend i tu re , N a t u r a l l y , i f  a  s p e c i e s  i s  t o  b e  s u c c e s s f u l ,

then  the  energy  expended on  the  needs  mus t  be  less  than  o r  equa l  to  the  energy

a c q u i r e d . Lo tka  charac te r izes  a  max imum in  th is  sys tem wi th  a  se t  o f  equat ions

w h e r e  t h e  m a r g i n a l  p r o d u c t i v i t y  ( i . e . , a n  i n c r e a s e  i n  t h e  s p e c i e s )  o f  a n

e n e r g y  e x p e n d i t u r e  e q u a l s  t h e  m a r g i n a l  l o s s  ( i . e . ,  a  d e c r e a s e  i n  t h e  s p e c i e s )

31f r o m  t h a t  e n e r g y  expenditure.- Modern work has emphasized the role of  energy
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m o r e  d i r e c t l y  i n  t h e  s e a r c h  f o r  a  m a x i m a n d . Odum (1971 ,  p .  90)  po in ts  ou t

t h a t  l i f e  r e q u i r e s  p o w e r  a n d  " . . . the maximum and most  economical  col lect ion,

t r a n s m i s s i o n , a n d  u t i l i z a t i o n  o f  p o w e r  m u s t  b e  o n e  o f  t h e  p r i n c i p a l  s e l e c t i v e

c r i t e r i a . . . " F ina l l y ,  Hannon (1976)  deve lops  a  mode l  us ing  s to red  energy  as

the maximand. Stored  energy  i s  s imp ly  the  energy  aqu i red  by  the  o rgan ism less

t h e  e n e r g y  n e e d e d  t o  m a i n t a i n  i t s e l f . Hannon argues for  the reasonableness of

t h i s  o b j e c t i v e  b a s e d  o n  g e n e r a l  o b s e r v a t i o n , and on the increased organism

s t a b i l i t y  i t  p r o v i d e s  d u r i n g  p e r i o d s  o f  f l u c t u a t i n g  i n p u t s .

The  s to red  energy  approach  i s  used  here . I t  d o e s  n o t  s e e m  t o  d i f f e r

s i g n i f i c a n t l y  f r o m  L o t k a ’ s  a p p r o a c h ,  p a r t i c u l a r l y  s i n c e  h e  v i e w e d  o r g a n i s m s  a s

energy  t rans fo rmers . A s  i n d i c a t e d  i n  t h e  n e x t  s e c t i o n ,  i f  o r g a n i s m s  o f  a

s p e c i e s  a r e  s u c c e s s f u l  i n  s t o r i n g  e n e r g y , t h i s  i s  i n t e r p r e t e d  a s  l e a d i n g  t o  a n

i n c r e a s e  i n  t h e  s p e c i e s . Hence, the  s to red  energy  approach  appears  accep tab le

to  modern  eco log is ts , a n d  c o n s i s t e n t  w i t h  t h e  p i o n e e r i n g  w o r k  o f  L o t k a .

F o r  s p e c i f i c i t y , suppose the  organ ism is  a  fox  wh ich ,  as  an  energy

t r a n s f o r m e r ,  g a t h e r s  a l l  i t s  e n e r g y  f r o m  f o o d ,  a n d  t h e n  a s s i m i l a t e s  t h i s

e n e r g y  f o r  v a r i o u s  p u r p o s e s . A l l  i n p u t  e n e r g y  m u s t  b e  a c c o u n t e d  f o r  a s  o u t p u t

e n e r g y  i n  t h e  f o r m  o f  w a s t e  h e a t ,  m e t a b o l i s m ,  g r o w t h ,  r e p r o d u c t i o n ,  l o s s e s  t o

p r e d a t o r s ,  d e t r i t u s ,  m e c h a n i c a l  a c t i v i t i e s ,  a n d  s t o r a g e .

i=1 , . . . n ,  be  the  mass  f low f rom the  i th  source  to  the  o rgan ism and  the  energy

The  xi may be  var ious  spec ies  o f

To ta l i n p u t  e n e r g y  i s  t h e n :

c o n t e n t  p e r  u n i t  o f  m a s s  i  r e s p e c t i v e l y .

smal l  mammals preyed upon by the fox.
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The energy  ou tpu ts  a re  g iven by  xk, k  =  n+1 , . . . , m  a n d  t h e  e n e r g y  c o n t e n t  p e r

u n i t  o f  x
k

is E
k’

For example,  xk may be the

and ck is the energy spent per uni t  of  searching

h e a t  l o s s ,  xk is measured in energy and c
k

= 1

r e s u l t s  f r o m  u s i n g  E
k’

T o t a l  e n e r g y  o u t p u t  i s :

a c t i v i t y  o f  s e a r c h i n g  f o r  a  d e n ,

4. For some inputs such as

;  h o w e v e r ,  n o  l o s s  o f  g e n e r a l  i t y

(3)

S t o r e d  e n e r g y  i s  t h e  d i f f e r e n c e  b e t w e e n  i n p u t  a n d  o u t p u t . I t  r e p r e s e n t s

e n e r g y  i n  e x c e s s  o f  w h a t  i s  n e e d e d  f o r  v i a b i l i t y . L e t  r  b e  t h i s  e n e r g y .

T h e n ,  u s i n g  ( 2 )  a n d  ( 3 ) :

(4)

For convenience, a l l  i n p u t s  a n d  o u t p u t s  w i l l  h e n c e f o r t h  b e  d e n o t e d  xj, j= 1 , . . . , m + n ,

noww h e r e  xj > 0  f o r  i n p u t s  a n d  x .  < 0  f o r  o u t p u t s . Each 6.x.
J- J J

i s  i n t e r p r e t e d

a s  a  n e t  i n p u t  o f  e n e r g y .  T h u s ,  i f  i n d e x  j  i s  h e a t  l o s s ,  t h e  n e t  e n e r g y  i n p u t

f r o m  h e a t  l o s s  i s  -E.x..
J J

E x p r e s s i o n  ( 4 )  c a n  b e  r e w r i t t e n  a s

T h e  o b j e c t i v e  o f  t h e  f o x  i s  t o  m a x i m i z e  e x p r e s s i o n  ( 5 ) .

(5)

A  b u n d l e  o f  n e t  i n p u t s  f o r  t h e  o r g a n i s m  i s  r e p r e s e n t e d  b y  t h e  m + n  r e a l

numbers x=(x, ,. . . ,x~+~ ). N o t  a l l  b u n d l e s  a r e  f e a s i b l e  f o r  t h e  o r g a n i s m .  T h e

f o x  c a n n o t  c o n t i n u a l l y  c a t c h  s q u i r r e l s  w i t h o u t  e v e r  l o s i n g  h e a t  e n e r g y .  T h e

4/s e t  o f  f e a s i b l e  b u n d l e s  w i l l  b e  c a l l e d  t h e  p h y s i o l o g y  set.- I n  e s s e n c e ,  t h i s

s e t  p l a c e s  c o n s t r a i n t s  o n  w h a t  i s  a c h i e v a b l e  f o r  t h e  o r g a n i s m  b y  d e s c r i b i n g

t h e  p h y s i o l o g i c a l  p r o c e s s e s  w h i c h  c o n v e r t  i n p u t s  t o  o u t p u t s . For example,  as

a  g e n e r a l  r u l e  o f  e c o l o g y , i n  o r d e r  f o r  t h e  o r g a n i s m  t o  u s e  i n g e s t e d  m a t e r i a l ,

i t  m u s t  o x i d i z e  t h e  o r g a n i c  m o l e c u l e s  i n  t h e  m a t e r i a l  i t  i n g e s t s .  [ S e e

Morawi tz  (1968,  Chap.  5 ) ] . Th is  c rea tes  use fu l  energy ,  bu t  some fo rmer ly

7



u s e f u l  e n e r g y  i s  a l s o  l o s t  a s  h e a t .  T h e  p h y s i o l o g y  s e t  a l s o  w i l l  d e p e n d  o n

a m b i e n t  t e m p e r a t u r e ,  t i m e  o f  y e a r , a n d  o t h e r  e n v i r o n m e n t a l  c o n d i t i o n s . Human

a c t i v i t i e s  m a y  i n f l u e n c e  t h i s  f e a s i b l e  s e t . A c i d  p r e c i p i t a t i o n  i s  a  g o o d

e x a m p l e  o f  a  h u m a n  a c t i v i t y  t h a t  i n t e r a c t s  w i t h  a n  e c o s y s t e m  v i a  a l t e r a t i o n s

i n  phys i o l ogy  se t s .

A  s i m p l e  d i a g r a m  i l l u s t r a t e s  t h e s e  n o t i o n s . S u p p o s e  f o r  t h e  f o x  t h e r e  i s

o n l y  o n e  i n p u t ,  s q u i r r e l s ,  a n d  o n e  o u t p u t ,  m e c h a n i c a l  a c t i v i t y . Figure 1

shows the  phys io logy  se t  as  the  shaded reg ion . T h e  s e t  i s  e n t i r e l y  w i t h i n

second q u a d r a n t  w h e r e  s q u i r r e l s  a r e  c o n s u m e d  i n  p o s i t i v e  q u a n t i t i e s  a n d

m e c h a n i c a l  a c t i v i t y  i s  a  l o s s  o r  a  n e g a t i v e  q u a n t i t y .  W i t h  m e c h a n i c a l  a c t i v i t y

o f  22’  t h e  f o x  c a n  a t t a i n  a  q u a n t i t y  o f  s q u i r r e l s  G, a  q u a n t i t y  .%, o r  a n y

amount b e t w e e n  $? a n d  t h e  h o r i z o n t a l  a x i s . Bund le  5? repesents  the  g rea tes t

a m o u n t  o f  s q u i r r e l s  a t t a i n a b l e  f o r  A2. F o r  t h i s  r e a s o n ,  2 i s  l a b e l l e d  a n

t h e

e f f i c i e n t  p o i n t  o f  t h e  p h y s i o l o g y  s e t ; a n d  a l l  p o i n t s  a l o n g  t h e  h e a v y  c u r v e d

b o r d e r  o f  t h e  s e t  a r e  r e f e r r e d  t o  a s  t h e  p h y s i o l o g i c a l l y  e f f i c i e n t  p o i n t s .

T h u s ,  a  p h y s i o l o g i c a l l y  e f f i c i e n t  b u n d l e  i s  o n e  w h e r e  g r e a t e r  a m o u n t s  o f

e n e r g y  c a n n o t  b e  a t t a i n e d  w i t h o u t  e v e n  g r e a t e r  l o s s e s  o f  e n e r g y . N o t e  t h a t

p o i n t s  a l o n g  t h e  n o n h e a v y  b o r d e r  i n  F i g u r e  1  a r e ,  t h e r e f o r e ,  n o t  p h y s i o l o g -

i c a l l y  e f f i c e n t .

The dependency o f  t h e  p h y s i o l o g i c a l  s e t  o n  e n v i r o n m e n t a l  c o n d i t i o n s  i s

d e p i c t e d  i n  F i g u r e  2 . The  c ross -ha tched  a rea  may  represen t  the  phys io log ica l

s e t  o f  a  l a k e  t r o u t  p r i o r  t o  t h e  o c c u r r e n c e  o f  a c i d  p r e c i p i t a t i o n ,  w h i l e  t h e

s h a d e d  r e g i o n  r e p r e s e n t s  t h e  t r o u t ’ s  s e t  s u b s e q u e n t  t o  t h e  a c i d  p r e c i p i t a t i o n .

T h i s  c h a n g e  c l e a r l y  i n d i c a t e s  a  d e t r i m e n t a l  e f f e c t  f r o m  t h e  p o l l u t i o n .
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FIGURE 1

6

The fox behaving as a stored energy maximizer can be illustrated in

the simple diagram as well. With one input and one output, the fox

maximizes the expression from (5)

9



For a f ixed level of stored energy, ?, (6) can be plotted as the l ine in

Figure 3 labelled r. A higher level of stored energy is shown by the line

r. The vert ical and horizontal intercepts indicate the stored energy attainable,

and the fur ther  the l ine f rom the or ig in  in  the f i rs t  quadrant ,  the greater

the stored energy. Given a part icular point, say 8, and energies Ed and c2,

the stored energy is given by r. The s lope o f  the l ine is  the ra t io  -r2/cl,

or the rate at which squirrels can be transformed into mechanical energy in

the ecosystem. Thus, the cl’s are the energy prices the fox faces.

FIGURE 3

The fox is assumed to take Ed and s2 as given; that is, he has no control

over these values. They are parameters in his maximization problem. The

point of maximum stored energy will be given by that stored energy line that

is furthest above the origin, but still having at least one point in common

with the physiology set. Obvious ly ,  th is  po in t  wi l l  be one that  is  phys io log ica l ly

e f f i c i e n t . Figure 4 i l lustrates maximums of P for values Cl and B2, and ; for
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FIGURE 4

values E1 and ‘E2 ’ The maximizing solution depends on the shape of the physiolog-

ical set and the values of E1 and E2 ’ At 8, greater levels of mechanical

ac t i v i t y  and  squ i r r e l s  p reva i l , because squirrels have more energy content

(E, > I,) and/or  mechanica l  ac t iv i ty  resu l ts  in  less energy loss (bl < El).

For values z1 and z,, the fox would not move beyond point ;(. To do so would

mean more mechanical activity and more squirrels, but the energy gained would

be less than the energy lost. Moving from G to li would mean a drop in stored

energy from ‘- to F.

A maximum wil l  exist provided certain restr ict ions are placed on the

physiology set. I n  pa r t i cu la r , the set must be bounded and include its

boundaries. These restr ict ions do not seem unreal ist ic

Figure 5 illustrates a set that is not bounded. For positive ~~ and Ed,

n the real world.

11



FIGURE 5

maximum stored energy is infinite. The shape of the set must be left to exper-

iments, observations, and stat ist ical analysis, and i t  can be expected to vary

significantly among organisms. Research into these shapes is necessary

to apply the theory presented here.

Further insight into the maximization model can be gained by returning

to the general case with n+m variables. To do this, the concept of a physio-

logy function is introduced using the physiology set. For any set of values

of al l  but one of the net f lows, ,there is only one value of xj that is

compatable with physiological eff iciency. This is obvious for the two variable
.
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dimens ion vector  x - j  and the sca lar  x j .  In  funct iona l  fo rm,

or  equiva lent ly

(7)

The function F(x) is the physiology function, and, by construct ion, i t  embodies

phys io log i ca l  e f f i c i ency . T h a t  i s ,  k i s  phys io log i ca l l y  e f f i c i en t  i f  and

and only  i f  F(A) =  0 , In two dimensions, F(A) = 0 implies that iz is on the

border of the physiology set.

The maximization problem can be restated as

sub jec t  to F(x) = 0

where F(x) is assumed to be twice differentiable and the physiology set is

assumed to be strictly convex. Str ict convexity assures that the second-order

suff iciency condit ions of the maximization problem are satisi f ied, and that

there is a unique maximum. The Lagrangian for problem (8) is:

and the first-order conditions for a maximum are

Dividing any two condit ions in (10) by each other yields

( 9 )

(10)

(11)

13
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so that for a maximum, the rat o of part ial  derivat ives of F(x) must be equa 1

to the rat io of energy prices. Using (7),

and  d i f f e ren t i a t i on  w i t h  r espec t  t o  xi, i  # j ,  y i e lds

(13)

Thus, the left-hand-side of (12) can be interpreted as the rate at which x.
J

must be subst i tuted for xi whi le al l  other values are held constant. O r ,  f o r

the foxe’s predatory behavior, (12) states that the rate at which he can trade

squirrels for rabbits whi le maintaining stored energy must equal the rate at

6/which he can exchange squirrel energy for rabbit energy in the ecosystem.-

Alternatively, (12) and (13) can be used to obtain

(14)

The left-hand-side of (14) is the rate at which energy from source j must be

traded for energy from source i in  order  to  remain phys io log ica l ly  e f f ic ient .

Or, substi tut ing squirrels for rabbits must lower the input of rabbit  energy

at the same rate squirrel energy is increased.

The conditions for a maximum given by (12) can be related to the earlier

f igures. Condition (12) for the one input-one output case is shown by the

tangency in Figure 4. The left-hand-side of (12) is the slope of the physiology

set border, and the r ight-hand-side of (12) is the slope of the stored energy

l ine.

The first-order maximum conditions given by (10) and (11) constitute

m+n+1 equations which can be solved for the optimum values of the xi and X
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as functions of the energy prices. A solution is guaranteed by the assumption

of a convex physiology set. Thus, there exist the funct ions:

(15a)

(15b)

t hThe function Sj(c) indicates the amount of the J input acquired or j t h ou t -

put spent, given the energy prices of al l  inputs and outputs. Subst i tu t ing

these amounts back into the objective function gives the maximum stored energy,

(16)

If j represents rabbits, $j (E) can be thought of as the foxe’s demand for

rabb i ts  a t  pr ices E.

Finally, the $j (E) terms can be substi tuted into (10) and (11), and

derivat ives can be taken with respect to the E.. This yields the system of
J

equations:

(11’)
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This system can be used to solve for the %$k(c)/acj  values, and, by the second-

order condit ions,

(17)

The interpretat ion of (17) is that an increase in the energy price of a net

input results in an increase in the use of that input. If the net energy the

fox could obtain from a rabbit were to increase while the net energy obtained

from a squirrel remained the same, the fox would chase more rabbits and fewer

squ i r r e l s . A similar interpretat ion holds on the output side.

Before closing this sect ion, a brief comparison between this model and

economic models is worthwhile. The energy storage maximizing organism is

analogous to the prof i t  maximizing f irm. The f i rm uses inputs (capital ,

labor ,  e tc . )  to  produce outputs  (guns,  but ter ,  e tc . ) .  The f i rm’s  technology

set consists of net outputs, so that inputs are negative and outputs posit ive.

This is opposite to the organism whose physiology set is made up of net inputs.

Moreover, the firm pays money to buy inputs, and col lects money in sel l ing

outputs. This also is opposite, since the organism collects energy from

inputs, and pays energy for outputs. Inequality (17) is, however, the same

for the firm and the organism since the two opposites cancel.

I I I . MULTIPLE ORGANISMS

An ecosystem comprises many stored energy maximizers which must be linked

to provide a complete picture. Each individual organism belongs to a species,

and sets of species form trophic levels. The trophic levels are l inks in a

food chain or levels in a hierarchy. Each species feeds on species in lower

t roph ic  leve ls , and in turn provides food for species in higher trophic levels.

Some hierarchies may be considerably more complex than others in that some
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species may interact with other species from many dif ferent trophic levels.

At any rate, the fundamental idea is that the inputs and outputs of the previous

section represent inputs from other organisms and outputs to other organisms.

At the bottom of the hierarchy are the simplest plants who derive all

their input energy from the sun. In  fac t , in an ultimate sense, the sun

supplies all the energy consumed by the ecosystem. This provides one equation

in the ecosystem model: total output energy in the form of heat which is lost

in the ecosystem equals total input energy from the sun.

By responding to the energy prices, E, each organism behaves as the

stored energy maximizer of the previous section. We assume each organism to

be inconsequential  with regards to i ts effect on the ecosystem, since there

are so many other organisms. From this we infer that each organism has no

control over the energy prices and thus takes them as given. This is consistent

with the maximization process discussed above. However, the energy prices are

determined overal l  by the act ivi t ies of the organisms in the ecosystem. The

foxe’s  energy pr ice for  acqui r ing rabbi ts  wi l l  depend on the ava i lab i l i ty  o f

rabb i ts . If an exogeneous shock were to reduce the number of rabbits drastically,

we would expect the energy price to increase for the fox, causing a decrease

in the foxe’s stored energy.

The existence of an equi l ibr ium ecosystem, given al l  the individual

maximizers that are interact ing, and g iven a  set  o f  in i t ia l  condi t ions or

initial numbers of organisms and environmental surroundings, requires the

presence of a set of energy prices such that all organisms are maximizing

stored energy while at the same time inputs are consistent with outputs and

total energy is conserved. Existence will depend on the forms of the physiology

sets and on any threshold conditions that may prevail. For instance, too few

individuals of a certain species may lead to a total col lapse of the species.

The re  i s  a l so  t he  poss ib i l i t y  o f  mu l t i p l e  equ i l i b r i a .  Tha t  i s ,  equ i l i b r i um,
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i f  i t  ex is ts ,  may not  be un ique.  Di f ferent  equi l ib r ia  may cons is t  o f  a  var ie ty

of configurations of species numbers.

In accordance with Hannon (1976), stored energy is zero for al l  organisms

in the equilibrium ecosystem. Recall that stored energy is energy above and

beyond what is needed to survive. This is analogous to all firms making zero

prof i t  in a perfect ly competi t ive economy. To see why this is, suppose an

equilibrium exists and all species have zero stored energy; then consider an

exogeneous change that causes foxes to have positive stored energy. The foxes

are healthy, vigorous, and increasing in numbers. But this means that each

fox will now face greater competion in his search for energy inputs. Numbers

of  rabb i ts  wi l l  dec l ine,  and the energy pr ice o f  rabb i t  inputs  wi l l  increase.

This increase wil l  cause a decrease in the foxes’ stored energy, unti l  zero

is again attained. A new equilibrium is established, although it may be one

with more foxes and fewer rabbits than before. The same type of scenario can

be used to show how the system responds to negative stored energies.

Setting up a mathematical model to study this ecosystem equilibrium is

similar to the problem of sett ing up a general equi l ibr ium, competi t ive model

of an economy. The mathematics of existence can be complex, and will not be

pursued here. However, efforts along these lines should be rewarding. Insights

could be had regarding: 1) whether the stored energy behavior concept is

consistent with observed equi l ibr ia; 2) those restr ict ions on the physiology

sets consistent with equi l ibr ia and with f ield and experimental observations;

and 3) the effects exogeneous shocks, such as human induced, acid precipitation,

have on these equi l ibr ia.

IV. COMMON ECOLOGICAL THEMES

Watt (1973, p. 34) sets forth the fol lowing as a fundamental pr inciple of

ecological science: the diversity of any ecosystem is directly proport ional
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to  i ts  b iomass d iv ided by i ts  product iv i ty . That  is :

(18)

where D is a diversity measure direct ly related (Pielou, 1977, Chap. 19) to

the number of species in a given habitat and the relative abundances of each

71species; - B is the total weight or standing biomass of living organisms in a

habitat; P is the amount of new living tissue produced per unit time; and k is

a constant di f fer ing from one habitat to another. Thus, for a given biomass,

system diversity and system productivi ty are inversely related.

Within a given habitat,  d(B/P)/dt > 0, imply ing that  in  the ear ly  l i fe  o f

an ecosystem, the production of new tissue is very large compared to the

amount of biomass. This high relat ive productivi ty is the source of biomass

growth. I t  is achieved by introducing into an abiot ic or stressed environment

a small number of pioneer species (e.g., weeds) with rapid growth rates, short

and simple l i fe cycles, and high rates of reproduction. In the mature stages

of an ecosystem, a wider variety of organisms that grow more slowly and have

longer l i fe spans is present. Net production or “yield” is lower in a mature

system because most energy is invested in maintenance of the standing biomass.

Thus, whereas energy in the pioneer stage is used to increase biomass, so that

a relat ively empty habitat can be f i l led, al l  the captured energy coming into

a fully mature system is employed to maintain and operate the existing biomass,

which a l ready occupies a l l  the habi ta t  ter r i tory  ava i lab le .

Ecosystems that must live under intermittent or continued severe stress

exhibit  the attr ibutes of immature systems: they have re la t ive ly  low d ivers i ty ,

stability; and biomass but high throughputs of energy and thus high yields.

The species present in these systems are refered to as generalists (Watt,

1973) because they are able to survive under a wide range of conditions.

Ecologists tradit ional ly prefer ecosystems with large biomass and diversity.

This preference for mature ecosystems appears to rest on two positions: the
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maximization of system energy capture; and the maximization of system stability.

In the first case, more energy is captured per unit biomass in a mature system

because less energy has to be ‘wasted” in growth and reproduction act ivi t ies.

The dist inct ion is similar to Boulding’s (1966) descript ion of the “cowboy

economy” and “the spaceship economy”, where the former maximizes throughput

and therefore energy dif fusion, while the latter maximizes incoming energy

concent ra t ion and f ixa t ion. According to Margalef (1968), the immature or

stressed system expends more energy per unit biomass in reproduction in order

to make up for i ts more frequent loss of individuals. In addition, because of

i ts  re la t ive ly  smal l  energy recyc l ing capaci ty  and i ts  re la t ive inabi l i ty  to

alter and to renew its environment in ways favorable to i ts sustenance, i t

must expend relat ively more energy per unit  biomass in food gathering activi t ies.

The immature system thus expends relatively more energy in producing new

tissue to replace that which has disappeared (depreciated). In  cont ras t ,  the

mature system expends most of its incoming energy in keeping what it has

already developed: i t  is durable. Because i t  sustains a greater biomass per

unit  energy, the mature system is frequently said to be more “eff icient” (B.P.

Odom, 1971, p. 76).

Although exceptions appear to exist (Jorgensen and Mejer, 1979), the

greater eff ic iency of mature ecosystems is associated in ecological thought

wi th  greater  s tab i l i ty ,  where s tab i l i ty  is  var ious ly  in terpreted to  mean

system resi l iency to exogenous shocks or infrequent f luctuations in standing

stock.  Th is  s tab i l i ty  is  thought  to  or ig inate  in  a  set  o f  homeosta t ic  cont ro ls

present in greater number and variety in mature systems, thus providing a

greater number of avenues through which the system can recover from damages to

one or more of its components. The greater simplicity of the immature system

increases the likelihood that if anything goes wrong, everything goes wrong.

Thus monocultures which are by definition the simplest and least diverse of
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ecosystems, are susceptible to being wiped out by any single pest or event to

which they are sensit ive. Incoming energy flows only through one or a small

number of pathways; when this pathway is degraded, no means to capture energy

remains. The system therefore col lapses unless energy subsidies (e.g.,  fert i l -

izers) are provided from outside. These subsidies are of course a further

source of the low biomass supported per unit incoming energy that is character-

istic of immature ecosystems.

The human dilemma posed by the ecologists then involves a tradeoff between

high yield but risky immature systems with undifferentiated components, and

low yield, reasonably secure systems with a variety of components. Even if

the requisite energy subsidies were usually avai lable, an earth covered with

cornfields would be dangerous. Moreover, given, as Scitovsky (1976) convinc-

ingly argues, the human taste for variety and novelty, a world of cornfields

would be exceedingly dull. Nevertheless, f lowers and butterf l ies nourish only

the human psyche; they provide little relief to an empty stomach. Human

activi t ies increase biological yields by accelerating energy f lows through ecosys-

tems. In terms of the model of the previous two sections, these activities

increase overall energy prices. To accomplish this, they simplify ecosystem

structures, either by keeping them in a perpetual state of immaturi ty or by

impoverishing the energy flows their habitats can produce.

In the context of the above perspective, pol lut ion, such as acid precip-

i tat ion, harms human welfare by reducing yields of the material scaffold of

wood, f ish, and corn and by increasing ecosystem simplici ty: yields are

reduced and monotony is increased. Woodwell (1970) notes that by el imination

of sensit ive species, SO2 air pol lut ion around the Sudbury smelter in Ontario

f irst resulted in a reduction in the diversity and biomass of the surrounding

forest. Final ly the canopy was el iminated with only resistant shrubs and

herbs surviving the assault . He also notes that chronic pollution reduces
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plant photosynthesis without having much effect upon respiration requirements.

As a  resu l t ,  la rge p lants , which have high respiration requirements, are

placed at a disadvantage relat ive to small  plants. In a vivid image, he

posits the replacement of the great variety of phytoplankton of the open ocean

by the algae of the sewage plants that are insensitive to just about any

s t ress .

V. VALUING DIVERSITY AND YIELD

In accordance with the treatments of Hannon (1979), Mauersberger (1979),

and Sections II  and II I  of this paper, the ecosystems refered to in the fol low-

ing development are long-run equilibria sustainable with various combinations

of energy from solar, biogeochemical, and subsidy sources. Contrary to much

o f  t he  eco log i ca l  l i t e ra tu re , day- to-day t rans ient  s ta tes in  the re la t ive

abundances of various species are disregarded. This permits us to con-

centrate upon a small number of key expressions and basic principles, thereby

avoiding the bewildering black-box flow diagrams often used by ecologists. We

wish to gain insight into two questions. First,  what is the economic value of

the quanti ty of each species that a location is producing? For our purposes,

a location is simply a set of map coordinates. Second, what is the economic

value of the assortment or bundle of species that the location is producing?

That is, what is the value of a part icular ecosystem design? For a part icular

species assortment, the f irst question is usual ly answerable, given that

market (not energy) prices of each species unit are readi ly observed or infer-

red. g’ However, the second question, whether treated singly or in combination

with the f irst,  has not yet been grappled with insofar as ecological questions

are concerned. We adapt a model of Lancaster’s (1975) to deal simultaneously

with the two questions.

To analyze these two questions, we need a model permitting us to trace

through the impact upon the economic benefits derived from ecosystems of
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changes in specie quantities and assortments caused by changes in energy flows.

The f irst step in doing this is to def ine an ecosystem, ei, as a set of species,

where these species are in fixed proportions to one another. Expression (19)

identifies ecosystem i with n species and

(19)

iwhere r.
J

is the quanti ty of species j . Biomass is used to normalize the measure

of  d i f fe rent  spec ies . An ecosystem thus contains dif ferent species in a part icular

proport ion at a single location. Ecosystems that contain species in dif ferent

proport ions are considered to be dif ferent ecosystems. Given the l ineari ty of

(19), the species content of x units of an ecosystem is simply x times the

content of each species in an ecosystem unit.

Al low some t ime interval suff ic ient ly long to permit each feasible eco-

system to attain a long-run equilibrium defined in accordance with the model

of  Sect ions I I  and I I I . Assume that a given amount of energy, E, from solar,

biogeochemical, and subsidy sources is avai lable for this t ime interval at the

location in question. Included in the biogeochemical energy source is the

energy currently stored in the standing biomass. With E, a variety of ecosys-

tems can be established, the range of the variety being determined by the

physiology sets of each species and the ways in which the species interact

with each other.

Note that our notion of long-run equilibrium need not be a climax bio-

logical equilibrium; that is, i t  includes other sustainable states as wel l .

In particular, by including energy subsidies and biogeochemical energy in

available energy, we allow immature ecosystems to be formed and sustained.

For example, an energy subsidy is being provided a vegetable garden when it is

weeded and when it is harvested. The weeding prevents the garden from “revert-
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ing”  to  f ie ld ,  woods or  pra i r ie ; the harvesting prevents the standing stock of

vegetable plants from suffer ing the effects of congestion. This standing

stock wi l l  produce, per iod a f ter  per iod, a unique sustainable flow of new

biomass or yield as long as the requisite biogeochemical energy and energy

subsidies are provided. Similarly, with enough of an energy subsidy (as with

a greenhouse) in Wyoming, one can sustain a banana-mango ecosystem with its

associated flow of bananas and mangoes. We assume, whether reference is to an

entire ecosystem or to a part icular species within that system, that the

sustainable yield measure is an order preserving transformation of the standing

stock measure.

For a particular quantity of incoming energy, there will be some maximum

91amount of each ecosystem that a particular location can produce. - Let the

minimum energy requirements for producing an ecosystem be given by:

where the elements

wi l l  be ca l led a  d ivers i ty  poss ib i l i t ies  funct ion.  I t  shows the maximum

of  the r -vector  are  susta inab le

assume that

y i e l d s  p e r  u n i t  t i m e .  4(r)

4(r) is homothetic and

quanti t ies of various species combinations that a locat ion can sustain with

given available energy each period. We

convex, and that 4’ > 0. For a given energy f low at a part icular location.

F igure 6  i l lus t ra tes a  d ivers i ty  poss ib i l i t ies  funct ion for  grass and corn.

In Figure 6, four ecosystems are depicted, one of which, el, contains

only grass, and another of which e4, contains only COWS. Two ecosystems, e2,

and e containing grass and cows in different combinations, are also depicted.
3’ 

I f  enough alternative ecosystems are possible, a continuous diversity possibi l i t ies

(20)
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FIGURE 6

frontier, E, can be formed, as we assumed in (20). For  g iven energy avai lab i l i ty ,

each point on the frontier, E, represents the maximum quantity of one species

that can be produced with a particular quantity of the other species being

produced . Since cows probably use relat ively less, i f  any, solar radiat ion

directly, a progressive greater proportion of biogeochemical energy and

energy subsidies will be included in E as one moves from the vertical axis to

the hor izonta l  ax is .

The convexity of the frontier fol lows from an ecological version of the

economic law of diminishing returns known as Mitscherlich’s law [Watt (1973,

p. 21)].  As progressively more energy is diverted from grass production to

cow production at the location in question, the increment  to  the la t ter  w i l l

dec l ine. Similarly, the diversion of energy from cows to grass wil l  result  in
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decl ining increments to grass production. Since in Figure 6, the cows could

feed upon the grass, the convex i ty  o f  the f ront ier  is  a lso a t t r ibutab le  to  the

less biological ly eff icient use of the given avai lable energy by cows than by

grass. As a food chain lengthens, the amount of original energy used for

production by species distant from the original energy input tends to decrease

at an increasing rate (E.P. Odom, 1971, Chap. 3). Of course, as Tullock

(1971) recognizes, the croppings and droppings of the cows may recycle some of

the energy originally emobdied in the grass and cause both grass and yields to

increase over some po r t i on  o f  t he  f r on t i e r . However, as grass becomes scarce,

the cows must expend progressively more energy in search for i t ,  i f  i t  is to

remain a part of their food supply. Finally any cow grazing whatsoever might

be so harmful to grass that the frontier bows inward, causing a nonconvexity

problem for appl icat ions of economic optimization techniques.

The assumptions of homotheticity and $’ > 0  for  (20)  imply  that :  $(A,r)  =

F(X)@(r) f o r  a l l  h, r  >  0 . In terms o f Figure 6, these

there could exist a series of similar diversity possibility frontiers, one for

each leve l  o f  energy avai lab i l i ty .  The greater  the leve l  o f  energy avai lab i l i ty ,

the farther would be the associated front ier from the origin. Therefore the

biomass of any species obtained in a particular ecosystem to which greater

quanti t ies of energy are made avai lable wil l  increase but not necessari ly on a

one-to-one basis with the increase in avai lable energy.

To make different ecosystems comparable, we define the solar radiation to

which the location in question is exposed per period as the unit amount of

assumptions mean that

energy,  Ed. Each of the ecosystems that can be produced by this unit energy

are therefore comparable in terms of the biomasses of each species embodied in

them. We shall call them unit ecosystems. Keeping in mind that an ecosystem
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is defined as embodying species in f ixed proport ions, an altered quanti ty of

an ecosystem is a simple mult iple of the quanti ty of any species appearing

to some posit ive degree in the unit  ecosystem.

To complete the most fundamental parts of our analyt ical apparatus, we

in t roduce  a  we l l - behaved  u t i l i t y  f unc t i on , U(r),  for a representat ive person.

Assuming any energy subsidies to the relevant location to be predetermined,

the Lagrangian of this individual’s decision problem then can be stated as:

(21)

The first-order necessary conditions for a maximum of (21) are,

(22)

and the constraint expressing the avai lable energy. Expression (22) states

that  the ind iv idua l  w i l l  equate the marg ina l  u t i l i ty  he obta ins f rom an addi -

t ional unit  of a species to the marginal cost of expending the energy to

acqui re  that  add i t iona l  un i t .  F igure 7  is  a  d iagrammat ic  representat ion o f

(22) for two types of ecosystems, el, and e2, and two indifference curves Ul,

and U2. With avai lable energy, E, t he  i nd i v i dua l ’ s  u t i l i t y -max im iz i ng  cho i ce

is clearly at A, which corresponds to (22). We shal l  therefore cal l  any eco-

system which conforms to (22) the ideal ecosystem. This is the ecosystem

having that species assortment most preferred by the individual.

Assume that our representat ive individual, perhaps because he is unable

to exercise enough influence over land use, cannot have the el ecosystem.

Instead, he must face the e2 system, a system containing substantially more

cows and less grass. The latter system may be considered to be less “natural”

since i ts maintenance l ikely requires substantial man-supplied energy subsid-

ies. With the available energy, E, the ind iv idua l  w i l l  be worse o f f  w i th  the
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FIGURE 7

e2 system s ince the h ighest  u t i l i ty  leve l  he wi l l  be ab le  to  reach is  U, a t

C. If he were to be as well off with the e2 system as he would be with the

ideal system at A, he would have to be at B. The attainment of B, however,

requires more input energy as indicated by the diversity possibi l i t ies

f r o n t i e r ,  E*. Since OA and OC both require E units of energy, while OB

requires E;k energy units, the energy quantity required to compensate the

to the quanti ty of the ideal system that keeps the individual at the original

u t i l i t y  l e v e l . Since OB and OC are each defined in energy units, the compensating

ratio is a pure number. A glance at Figure 7 makes it obvious that this

compensating rat io wi l l  be greater, the less substitutable the two systems

are for one another, the steeper the slopes of the diversity possibi l i ty

frontiers, and the wider the difference between the ideal ecosystem and the
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actual ecosystem. In addition to depending upon underlying preferences and

production condit ions, this rat io is obviously a function h(e,e*),  where e*

is the species rat io in the ideal ecosystem and e is the species rat io in

the exist ing system. Lancaster (1975, p. 57) describes the properties of

this compensating function, which must be convex.

If all existing ecosystems are not to be ideal ecosystems, the preceding

framework implies that in the real world there are some ecosystems produced

under condit ions of increasing returns-to-scale. I f  decreas ing re turns- to-

scale were universal, less energy would be used by producing fewer units of

a greater variety of ecosystems. In the extreme, each individual would have

his ideal ecosystem available to him. Similarly, under constant, returns-to-

scale, the quantity of energy used to produce a quantity of an ecosystem is

d i rec t l y  p ropo r t i ona l . Thus, with decreasing or constant returns-to-scale,

any individual who does not have his ideal ecosystem available is using more

input  energy to  a t ta in  a  par t icu lar  u t i l i ty  leve l  than would be requi red

with his ideal ecosystem. Casual observation suggests that everyone is not

happy with the ecosystems they have available. One plausible reason for

this is the presence of increasing returns-to-scale in the production of

lO/ecosystems.- That is,  the presence of increasing returns-to-scale for some

ecosystems may force the individual to choose between an ideal diversity of

ecosystem components and reduced energy consumption per unit of production

for some smaller set of these components.

Let us momentarily return to (20), which gives the amount of input

energy required to produce some amount of a particular ecosystem. Because

of our use of energy to bring the unit  quanti t ies of dif ferent ecosystems to

the same measure, and because of the properties we have assigned to the
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(23)

The energy required to produce quantity Q, of e, and quantity Q2 of e2 is

given by the sum of the two input functions:

(24)

assume f(Q) > 0, and f’(Q) > 0, but we need not assume that all incoming

energy results in additional biomass, nor need we attach any sign to f”(Q).

Now define a degree of economies-of-scale parameter, e(Q) , which is the

ratio of the average energy input requirement to the marginal energy input

requirement. Th is  is  s imply  the inverse o f  the e las t ic i ty  o f  (23) ,  or :

I f  9 is a constant,  f(Q) wi l l  then have the form:

(25)

(26)

the inverse of which is

(27)

This last expression is immediately recongizable as a homogeneous function

of degree 8. I f  8 >  1 ,  there are  increas ing re turns- to-sca le ;  i f  8 =  1 ,

there are constant returns-to-scale, and i f  8 < 1, there are decreasing

returns- to-sca le .

In expressions (21) - (22), we derived the representat ive individual ’s

ideal diversity of ecosystem components, assuming that he faced no tradeoffs

between this ideal and lowered unit energy costs of ecosystem production.

We are now prepared to consider this question of the optimal deviation of
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the actual ecosystem avai lable to the individual from the individual ’s ideal

ecosystem.

Assume we wish to enable the individual to reach some predetermined

arb i t rary  u t i l i ty  leve l  w i th  min imum use of

quanti ty of an ideal ecosystem, e*, that is

reach th is  predetermined ut i l i ty  leve l .  I f  the ava i lab le  ecosystem,  e ,  is

ll/energy. - Let Q* be the

requi red for  the ind iv idua l  to

nonideal, the individual will have to be compensated by being provided more

than Q* of the available system. According to our previous defini t ion of

the compensating funct ion, h(e, e*), the amount of the available eco-system

requi red to  br ing the ind iv idual  up to  the predetermined ut i l i ty  leve l  w i l l

be Q*h (e, e*) . Since the input function (23) is independent of the species

rat ios (by the assumed homothetici ty of production and the defini t ion of

un i t  quan t i t i e s ) , the optimal ecosystem is that which minimizes the quantity,

Q, required to reach the predetermined ut i l i ty level.  That is, we wish to

minimize:

Q = Q*h(e, e*) (28)

This minimum is given by:

(29)

which obviously corresponds to (22). Th i s  r esu l t  i s  r e l a t i ve l y  t r i v i a l  bu t

it does serve as a necessary prelude to determination of the optimal devia-

tion of the available ecosystem from the ideal ecosystem.

Suppose there are n-l  less-than-ideal feasible ecosystems, the deviat ion

of each less-than-ideal system from the ideal system being given by xi = e*- ei..

Then the quantity of the ith ecosystem required to reach the predetermined

u t i l i t y  l e v e l  i s  g i v e n  b y :  Qi =  Q*h(xi). The total energy inputs required
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to  reach th is  u t i l i ty  leve l  for  a l l  sys tems,  whether  idea l  or  not ,

are then:

(30)

where the xi are the variables of the problem. From (30) is obtained:

(31a)

(31b)

for a minimum expenditure of energy.

The interpretat ion of (31b) in economic terms is quite easy. The

l.h.s. of the expression shows the increase in the quanti ty of the i th

ecosystem required to maintain the predetermined ut i l i ty level i f  there is a

one unit biomass increase in the deviation of the available ecosystem from

the ideal ecosystem. The denominator of the term on the r.h.s. shows the

increase in the available quantity of the ith ecosystem to be obtained with

a one unit increase in input energy. Thus (31b) says that the optimal

deviation of the available ecosystem from the ideal ecosystem occurs when

the change in the compensating ratio is equal to the reciprocal of the

additional energy required to produce more of the ith ecosystem. As the

available ecosystem deviates less from the ideal system, the compensating

ratio decreases. If the energy inputs required to reach the predetermined

ut i l i ty  leve l  a lso decrease, then the ideal system would clearly be optimal.

However, if the compensating ratio increases and, due perhaps to economies-

of-scale in production with simpli f ied ecosystems, energy inputs per unit  of
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yield decrease, then the achievement of an optimum requires that the tradeoff

between the two be recognized.

The optimum condit ion (31b) can be clari f ied when stated in elast ici ty

terms . Upon defining the elast ici ty of compensating function as

and  subs t i t u t i ng  t h i s  and  t he  e l as t i c i t y ,  ( 23 ) ,o f  t he  i npu t  f unc t i on  i n t o

(31b), we have

(32)

which i f  f ,  h ,  and Q are f ixed is  s imply

(32b)

Thus the optimal deviation of the available ecosystem from the ideal ecosys-

tem occurs where the elast ici ty of the compensating funct ion, n,(x), is

equal to the degree, 8, of economics of scale in production. If x were such

that n,(x) > 8, a one percent decrease in deviat ion of the avai lable ecosys-

tem would require nh percent less in ecosystem quantity (remembering that

all ecosystems are measured in the same units because they are defined

relat ive to a unit  ecosystem) and require percent less energy

resources, so that energy inputs would be made smaller by reducing the

extent of deviat ion from the ideal system.

increase in the extent of deviation would reduce energy inputs. Thus when

n,.,  tx) = 0, the deviat ion is opt imal.  The welfare loss from an increase in

the deviation of the available ecosystem from the ideal ecosystem is bal-

anced by the increased ecosystem quantity obtained for a given energy input.

V I . THE IMPACT OF POLLUTION

In the previous section, we have presumed that over some interval of

the input  funct ion, (23) ,  there  ex is ts  increas ing re turns- to-sca le :  that  is ,

as more energy is devoted to the production of a particular ecosystem, the
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ecosystem yield per unit  of energy is increasing. When there are feasible

monocultural ecosystems that yield an output (e.g. beef) highly valued for

consumptive purposes, or as an input (e.g., sawtimber) for a fabricated

good, and if these ecosystems exhibit increasing returns-to-scale, then some

deviation of the available ecosystem from the ideal ecosystem may be optimal.

The  cond i t i on  f o r  op t ima l i t y  i s  Q;kh’=(f’)-’ o r ,  i n  e l as t i c i t y  t e rms ,  nh(x)  =  8.

I t  is thus apparent that the extent of optimal deviat ion wil l  vary with the

parameters  that  in f luence the above condi t ions.  The e las t ic i ty ,  nh, is

determined by the properties of the compensating function, h. The eco-

nomies-of-scale parameter, 8, is either an exogenous parameter (with homo-

genous production) or is a function of yield, and thus of the compensating

funct ion .

Cons ider  a  po l lu tant ,  ~1, wh ich might ,  in  pr inc ip le ,  e f fec t  h’, f’, or

both. For example, a pollutant stresses ecosystems, making them immature,

and thus less diverse. In addition, for at least some of the ecosystems

remain ing v iab le  a f ter  the in t roduct ion o f  a  po l lu tant ,  the i r  y ie lds  are

less than they would be without the presence of the pol lutant, i .e.,  the

level of ecosystem yield obtainable with any given provision of energy is

reduced. Thus, in terms of Figure 7, the diversity reduction would be

reflected in a rotation of the available ecosystem toward one or the other

axes, while the reduction of yield of whatever ecosystem was ultimately

ava i lab le  would  reg is ter  in  a  sh i f t  o f  the d ivers i ty  poss ib i l i ty  f ront iers

toward the origin. If the ideal ecosystem is unchanged, and if the reduction

in diversity represents a movement away from this ideal system, then the

individual wi l l  require addit ional compensation i f  he is to remain at the

o r i g i n a l  u t i l i t y  l e v e l . A s imi la r  resu l t  occurs  i f  f’ ( the addi t iona l
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energy input required to obtain an addit ional unit  of an ecosystem) increases.

In both cases, an increase in the deviation of the optimal from the ideal

ecosystem occurs . The effect of a variat ion in cx on the optimal deviat ion

is  eas i ly  found by d i f ferent ia t ing e i ther  (31b)  or  (32b) .

Upon dif ferentiat ing (32b) with respect to CL, we get:

(33)

Given the convexity of the indifference curves, the term in the denom-

inator must be posit ive. I f  the degree of economics-of-scale is f ixed or

decl ines with increases in the level of output,  the term in the denomin-

ator must be negative. Thus the denominator in (33) will be unambiguously

posit ive. The sign for (33) wi l l  therefore depend solely upon the terms of

the numerator. I f  the ideal ecosystem has high diversity, the sign of

wi l l  be posit ive since the convexity of the indif ference curve requires that

reduced ecosystem simplification imply increased responsiveness of the

necessary compensation to further simpli f icat ion.

The sign of in (33) is less easi ly determined. Remembering that 6 =

it  is plausible that increases in c1 would increase only f’; implying

tha t would be posit ive, but leaving the sign of the numerator in (33)

dependent on the relative magnitudes of  I t  is of course possible

that pol lut ion would reduce the yields obtainable for every ecosystem for

a l l  ou tpu t  l eve l s . This event would be ref lected in a reduction in f ,

implying that for a given f’ and Q. In this case, the increase in

pol lut ion would reduce rather than increase the optimal deviat ion of the

available ecosystem from the ideal ecosystem!

These results obviously imply that economic analyses which concentrate

only on the ecosystem yield effects of pol lut ion can be seriously misleading.
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In cases where pollution reduces both yields and diversity, the analyses

wil l  tend to underest imate the economic losses from the effects. Similar ly,

i f  there exist cases where diversity is decreased while yields are increased,

the usual analyses might not perceive any losses. However, in some cases,

the usual analyses wil l  exaggerate the severity of the losses. Harkov and

Brennan (1979 pp. 157-158) conclude, for example, “...that slower growing

trees, which often typify late successional communit ies, are less susceptible

to oxidant damage than rapid-growing tree species, which are commonly early

successional species ." Assuming that the ideal ecosystem is more diverse

than was the available ecosystem before the increase in pollution, the

increase in pol lut ion could reduce f’,D, or both. In either circumstance,

more incoming energy would be required than before to obtain a given yield

with the immature ecosystem. The pollution may therefore reduce the optimal

deviation of the available ecosystem from the ideal system. In short,

pol lut ion can enhance rather than hinder the wil l ingness of individuals to

l ive with mature biological communit ies! Obviously, in this case, any

economic analysis which neglected the increase in diversity would over-

estimate the economic damages attributable to the pollution.

V I I . A SIMPLE GENERAL EQUILIBRIUM MODEL

A simple general equilibrium model of an economy and ecosystem will now

be presented that in some respects captures more dimensions of our basic

concerns than do preceding sections, but which does so at the cost of neglect-

ing some dimensions that the preceding sections feature. The ecosystem will

be represented by the single stored energy variable r. Of course, this masks

many interesting questions (e.g. diversity vs. scale economies) due to the
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level of aggregation taking place. Nevertheless, the ecosystem solves the

one-input problem

(34)

where E, is a parameter indicating the amount of human supplied energy into

the ecosystem. In Section II ,  we saw that Er = 0. The solut ion to the

prob lem is  character ized by the f i rs t -order  condi t ion,

(35)

This is the analogue of (12). I f  the ecosystem is in equi l ibr ium, with no

human interact ion ( i .e.,  Er = 0), r=0.

In order to capture a general equilibrium setting, we now introduce a

Hicks ian composi te  good,  z ,  in to  the ind iv idua l ’s  u t i l i ty  funct ion.  Thus

human preferences are given by:

U(z, r ) (36)

The term r appears in the ut i l i ty function to indicate the human preference

for a natural environment. Ideal ly, that environment should be pol lut ion

f ree wi th  l i t t le  t race o f  in tervent ion.  In  o ther  words,  for  some z  va lue,

zero is an optimum value of r. As intervention increases through increased

Er, r increases and ut i l i ty decreases for f ixed z. Consumer preferences are

shown by the indifference curves of Figure 8. The arrow shows the direction

of preference.

The production of z is given by the function

(37)

where Ez is the energy used in the production of z. Stored energy enters z
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since it represents that part of the ecosystem which is cropped to provide

goods in the economy.

The human problem is to maximize (36), subject to (35), (37), and the

resource constraint on total avai lable energy.

(38)

The solut ion is shown graphical ly by the two possibi l i ty curves in Figures

9 and 10. In Figure 9, curve P* is  the product ion poss ib i l i ty  f ront ier .  As

we move from z*, incoming energy is being diverted from the production of z

to r,  and, therefore, more r is produced. Greater r means more natural

environment is avai lable for producing z. However, the shape of P* indicates

that the increase in r does not make up for the decrease in EZ in the product-

ion of z. The optimum is z* where the ecosystem is in a natural state.

The second possibi l i ty is curve P** in Figure 10. Again, energy is

be ing d iver ted to  r . But now in producing z, the increase in r more than

makes up for the loss of energy EZ as shown by the shape of P**. The optimum

is now r**,  z** where intervention in the ecosystem is just i f ied. Examples

of these possibilities may be forest harvesting since most everyone would

agree that harvest ing forests for lumber is a worthwhile task. The  f i r s t

case may be harvesting baby harp seals, since many argue that the goods made

from the seals can made be inexpensively using synthetics.

While this is a very simple example, i t  is a useful means of displaying

the potential for describing the links between economies and ecosystems.

Questions of optimum exploitation and extinction can be inferred from sophis-

ticated versions of the analyses in Figures 8 through 10. But research is

needed to determine the shape of the possibility frontiers, which means that

research into physiology sets of ecosystems and the technology sets of

economies will be required.
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V I I I . SUMMARY AND CONCLUSIONS

We have tried to demonstrate how the application of economic analysis

to bioenergetics, a framework with some degree of acceptance in ecology, can

be used to describe the behavior of ecosystems. Moreover, we have indicated

how the descriptions thereby obtained can be made an integral part of a

model adapted from Lancaster (1975) that, in principle, can be used to value

both the yield and the diversity impacts of stresses upon ecosystems. We

are by no means the first to express the thought that the human-induced

ecosystem effects for which one may feel secure using the conventional

methods of benefit-cost analysis may be those having the least long-term

economic significance. The conventional analysis disregards caddisf l ies

because their contribution to the food supply of trout has been untraceable.

We believe further attempts to combine bioenergetics and economic alaysis

might make this view untenable. Neglect of the l i fe support services that

that  the u l t imatecaddisflies and their peers provide for trout may mean

ef fec ts  o f  po l lu t ion on t rout ,  v ia  caddis f l ies ,  may go

therefore unaccounted.

unrecognized and

Just as the conventional analysis disregards the l i fe  suppor t  serv ices

provided by soil microbes, dung beetles, and caddisflies, it focuses upon an

(incomplete) item-by-item listing of organisms in the ecosystem while

failing to consider how the proportions in which these organisms are present

might be sources of human pleasure. The ecologist, even though he has

lacked an acceptable means to value ecosystem diversity, seems to have been

more sensit ive to this source of welfare than has the benefi t-cost analyst.

Economic efficiency, narrowly interpreted as minimizing the inferred or

observed cost of producing a given quantity of ecosystem yields (and thereby
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taking advantage of all scale economies), need not result in maximum human

wel fare  i f  there ex is ts  d ivers i ty  in  tas tes among ind iv idua ls  for  types o f

ecosystems. We speculate that tradit ional benefi t-cost analysis, to the

extent that the information it generates has been used for decision purposes,

may occasionally have fostered Pareto-losses rather than Pareto-improvements.

At a minimum, it has probably brought about wealth transfers from those who

value ecosystem diversity and variety to those who possess the machinery for

producing and maintaining ecosystem homogeneity.
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FOOTNOTES

This ignores other possibi l i t ies l ike geothermal systems or t ides.

This is somewhat simplified in that it ignores more complex chains.

Lotka likens the development of this model to the work of Jevans and the
marginalist school of economists. He regognizes that this maximal is not
appropriate for humans. Borrowing from Pareto, he describes humans as
maximizers of pleasure. This is consistent with maximizing species growth
only  i f  the marg ina l  p leasures ( i .e . , marg ina l  u t i l i t ies)  are  propor t iona l
to the marginal productivi t ies of the physical needs. Thus, Lotka essen-
t ial ly denies the val idity of an energy theory of value which, as pointed
out earlier, has been propounded by many modern day ecologists.

The physiology set is analogous to the firm’s technology set often used
in economics. The development of the model presented here closely parallels
the development of the economic model in Russell and Wilkinson (1979, Chapter
7 ) .

This is paraphrased for Russel l  and Wilkinson’s (1979, p. 129) defini t ion
of  technolog ica l ly  e f f ic ient  bundles.

Condition (12) is analogous to the geometric solutions of Rapport (1971)
where he determines the optimum selection of two different preys. His
indifference curves represent two net inputs and one net output in the
model used here.

The numbers of a particular species are capable of interbreeding.

See Freeman (1979) for a thorough survey of available techniques
for answering this question.

The work of Bigelow and his colleagues (1977) is a detailed account
of the ecosystem possibi l i t ies in a Dutch estuary. Odom (1971) and
other ecology texts are replete with other examples.

Other plausible reasons exist. For example, a process through
which the individual can register his ecosystem preferences may be
lacking.

The envelope
to this problem is equivalent to the solut ion of the ut i l i ty maximization
problem.

theorem (Shephard’s lemma) assures us that the solution
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